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INVESTIGATION OF WARM-AIR FURNACES AND 
HEATING SYSTEMS 
Part III 
I. GENERAL STATEMENT CONCERNING INVESTIGATION 


1. The Codperative Agreement.—This bulletin is the fifth to 
be published under the present codperative agreement* between the 
National Warm-air Heating and Ventilating Association} and the 
University of Illinois for an investigation of warm-air furnaces and 
furnace heating systems. The agreement was formally approved in 
August, 1918, and the research work was begun in October of that 
year. 

The cooperating association has been represented by an Advisory 
Committee, the personnel of which changes somewhat from year to 
year. Since April 1, 1924, the following members of the Association 
have served on this Committee: 

C. M. Lyman, Chairman, International Heater Company, 
Utica, New York 

E. §. Moncrief, Henry Furnace Company, Cleveland, Ohio 

F. W. Phelps, Moore Bros. Company, Joliet, Illinois 

R. W. Menk, Excelsior Steel Furnace Company, Chicago, 
Illinois 

E. F. Glore, Abram Cox Stove Company, Philadelphia, Penn- 
sylvania 

E. B. Langenberg, Langenberg Manufacturing Company, St. 
Louis, Missouri 

J. F. Firestone, Beckwith Company, Dowagiac, Michigan 

W. 8S. Millis, Security Stove and Range Company, Kansas 
City, Missouri 

V. W. Cherven, Holland Furnace Company, Holland, Michi- 
gan 

W. Gunton, Success Heater Company, Des Moines, Iowa 

The present organization of the committee is as follows: 

C. M. Lyman, Chairman, Utica, New York 

J. F. Firestone, Dowagiac, Michigan 

L. W. Millis, Kansas City, Missouri 

V. W. Cherven, Holland, Michigan 

W. Gunton, Des Moines, Iowa 


*See “Report of Progress in Warm-air Furnace Research,’’ Univ. of Ill. Eng. Exp. Sta. 
9. 


Bul. 112, A dix II, 61-63, 191 
; HSince Apel 1928, this Association has been known as the National Warm-air Heating: 


Association. 
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It is the function of this Committee to propose such problems for 
investigation as are of the greatest interest to the manufacturers and 
installers of warm-air furnaces and heating systems. Of these prob- 
lems, the Engineering Experiment Station Staff selects for study those 
which can best be investigated with the facilities and equipment avail- 
able at the University. The codperating association provides funds 
for defraying a major part of the expense of this research work. 

A number of publications have already been issued by the Engi- 
neering Experiment Station dealing with the results of this work. They 
are as follows: Bulletin No. 112 entitled “Report of Progress in 
Warm-air Furnace Research;’’ Bulletin No. 117 entitled “Emissivity 
of Heat from Various Surfaces;” Bulletin No. 120 entitled “Investi- 
gation of Warm-air Furnaces and Heating Systems;” Bulletin No. 141 
entitled “Investigation of Warm-air Furnaces and Heating Systems, 
Part II;” and Circular No. 15 entitled “The Warm-air Heating Re- 
search Residence in Zero Weather.” 

In addition to these publications of the Station, a number of 
papers on Warm-air Furnace Heating have been prepared by the 
Research Staff and presented before, and published in the Transac- 
tions of, the American Society of Heating and Ventilating Engineers. 
These papers have appeared almost yearly in the Society’s Transac- 
tions since the beginning of the investigation. 

The present bulletin deals principally with the work accomplished 
with the main and auxiliary furnace testing plants in the Laboratory 
since April, 1924, and little reference has been made to material con- 
tained in the earlier bulletins. 

In addition to the work in the Laboratory herein reported, the 
general program of investigation has included a field study of most of 
the characteristic performance factors of warm-air furnaces and heat- 
ing systems in an actual residence under actual winter weather con- 
ditions. The Research Residence has made it possible to compare 
and correlate the results of tests of furnaces which are now being 
made in the laboratory with the results obtained on the same furnaces 
under actual house conditions. In addition to this, there are many 
factors affecting the performance of a furnace heating system which 
cannot be adequately investigated in the laboratory and can only be 
studied in an actual house. 

A description of this residence and the results secured when op- 
erating in zero weather appear in Circular 15, “The Research Resi- 
dence in Zero Weather,” of the Engineering Experiment Station of 
the University of Illinois. 
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2. Objects of Investigation—The principal objects for which the 
investigation was undertaken may be briefly stated as follows: 

(1) To determine the efficiency and capacity of commercial 
warm-air furnaces under conditions similar to those existing in 
actual installations, with leaders, stacks, and registers, to form a 
complete system. Both piped and pipeless furnaces are included 
under this heading. 

(2) To determine satisfactory and simple methods for rating 
furnaces so that the proper size and type of furnace can be defi- 
nitely selected for the service required. 

(3) To determine methods of increasing the efficiency and 
capacity of furnace heating equipment, and the advantages or 
desirability of certain types of design. 

(4) To determine the heat losses in furnace heating systems 
and the value of insulating materials as affecting the economy 
of the furnace, or of the leaders and stacks, and finally of the 
system as a whole. 

(5) To determine the proper sizes and proportions of leaders, 
stacks, and registers supplying air to first, second, and third floors. 
Under this heading has also been included the study of types and 
sizes of furnaces. 

(6) To determine the friction losses in cold-air or recirculat- 
ing ducts and registers, and the proper size, proportions, and ar- 
rangement or location of the ducts and registers. 

(7) Eventually, to make a study and comparison of outside 
and inside air circulation as affecting the economy and operation 
of furnace systems. 

In addition to these, the original objects of the investigation, 
there has been added the investigation of ordinary gravity-type fur- 
naces operating with small motor-driven fan units. 


3. Discussion of Problem and Methods Employed.—lIt should be 
noted at the outset of this discussion that the fundamental ideas in- 
volved in the methods used in this investigation, as well as the furnace 
plant itself and its essential features, were developed and put into 
operation by the Department of Mechanical Engineering of the Uni- 
versity of Illinois in the spring of 1918. This preliminary work soon 
developed the fact that very little could be accomplished in the in- 
vestigation of warm-air furnaces and furnace systems unless the 
furnaces were operated under the natural gravity-flow conditions 
which exist in actual installations. The research aspects of the prob- 
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lem then became very definite, and may be briefly stated under two 
general heads: 

(a) The exact measurement of large quantities of air, flow- 
ing at very low velocities, under extremely small heads, but at 
atmospheric pressure and usually at high temperature. This 
measurement, moreover, must be made just as the air enters or 
leaves a register face, and, in piped furnace work, at a number 
of widely separated register faces. 

(b) The exact measurement of the temperature of air flow- 
ing over hot metallic surfaces at points where the temperature 
measuring element is in fairly close proximity to the hot surface. 
At the same time additional air-temperature readings must be 
taken simultaneously at many points. 

These two problems have occupied the research staff almost con- 
stantly since the work was begun. The first problem has been solved 
by an indirect method, using anemometers which are calibrated either 
under operating conditions in an air weighing plant or against a 
standard Pitot tube. A complete discussion of these two problems and 
the methods used in their solution will be found in an earlier bulletin.* 
The second problem has been solved by the use of thermocouples and 
a potentiometer, all couples having been calibrated in position, and 
the correction for radiation determined for couples exposed to hot sur- 
faces. 


4. Acknowledgments.—In conducting the actual testing work of 
this investigation, the authors have been assisted during the past two 
years by Mr. J. F. Qurrnav, Research Graduate Assistant in Me- 
chanical Engineering. 

The investigation has been carried on as a part of the work 
of the Engineering Experiment Station of the University of Illinois, 
of which Dean M. 8. Kercuum is the director, and of the Depart- 
ment of Mechanical Engineering, of which Proressor A. C. WILLARD 
is the head. 


II. DrscrirtTion or PLANTS 


5. General Description of Plants—Two testing plants were used 
in securing the data and results presented in this bulletin, and are 
known as the Piped Furnace Plant, or Main Plant, and the Auxiliary 
Plant. The former plant was used for securing data on furnace per- 
formance, capacity, and efficiency under a variety of operating condi- 
tions, while the latter plant was used for studying the characteristics 


*See “Investigation of Warm-air Furnaces and Heati t Me i 
Se CE eating Systems,” Univ. of Ill. Eng. Exp. 
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of stacks, leaders, boots, and registers, arranged in any desired com- 
bination and operating under any desired condition. In the main 
plant fuel was burned in actual commercial furnaces, but the auxiliary 
plant was electrically heated so that the heat input could be quickly 
adjusted to give any predetermined air temperature at the register. 


6. Main Furnace Plant——A general view of this plant has been 
shown in an earlier bulletin and detailed elevation and plan views 
are shown in Figs. 1 and 2 respectively. This plant is of the inside 
air supply or recirculating type in general use throughout the country. 
A single cold-air return connection is taken from the level of the first 
floor, dropping down to a very wide and very low cold-air shoe con- 
nected to the back of the casing. All tests on fuel burning furnaces 
reported in this bulletin were made with this plant arranged exactly 
as shown in Figs. 1 and 2. The four types of furnaces tested to date 
are shown in Fig. 15. All other features of the plant, including leaders, 
stacks, and registers, are the same as shown and described in Bulletin 
No. 112 of the Engineering Experiment Station, and the original three- 
story steel structure erected in the Mechanical Engineering Laboratory 
is still in place. This structure merely serves as the working skeleton 
of a house and carries the stacks and registers for the various floors. 
All important dimensions are given in the sectional elevation and plan 
(Figs. 1 and 2). There are ten leaders covered with asbestos paper 
(one layer) and all stacks have been cased in to simulate actual wall 
conditions. Two of the four stacks to the second floor and one of 
the two stacks to the third floor are single-wall, but all other stacks 
are double-wall with %4,-in. air space. 


7. Auxiliary Plant—The principal features and details of the 
electrically heated furnace plant used in the tests are shown in Fig. 
3. This furnace, insulated with both an air space and 85 per cent 
magnesia, and having only one outlet, was designed especially for tests 
of leaders, stacks, boots, registers, and special fittings. In these tests 
both the weight of air flowing and the rise in temperature were de- 
termined under the conditions of gravity flow. The quantity of air 
was measured by a specially calibrated anemometer, and the various 
temperatures by means of copper-constantan thermocouples, as in the 


main plant. 
The anemometer is mounted permanently in the center of a short 


vertical section of the inlet pipe, as shown in Fig. 22. It is read 
through a celluloid plate in the pipe and has an external release for 
the clutch. In order to calibrate the anemometer, the inlet pipe may 
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be detached from the furnace and connected to the standard air- 
weighing calibration plant. A calibration curve for the anemometer 
is shown in Fig. 3. 

The thermocouple system for this plant has two distinctive fea- 
tures: a single cold junction for the entire group of thermocouples 
and multiple junctions for determining the mean temperature of sev- 
eral points rather than the temperature at a single point in the air 
stream. The wiring diagram for the thermocouple system is shown 
in Fig. 3, as well as a detail sketch showing the location of each of 
the four junctions of a multiple couple in the leader pipe. A calibra- 
tion curve for a thermocouple is also shown. Electrical heaters operat- 
ing on direct current with voltage control and regulation are used in 
the determination of the heat input to the furnace. 


8. Method of Testing—Main Furnace Plant—The object of prac- 

tically all of the tests made on the main plant was to study the effect 
_ of certain changes in design in the plant upon plant or furnace per- 
formance. In order to eliminate any influence of variations in the 
character of the coal used, all tests, with the exception of tests 143 and 
144, were run on anthracite coal (Table 3) taken from a 30-ton allot- 
ment purchased at the beginning of this investigation. 

The testing procedure for all hard-coal tests was as follows: 

A fire was started on clean grates using a charge of wood equal 
to 10 per cent of the coal charge required. A fuel charge consisted 
of sufficient coal to fill the firepot to the level of the bottom of the 
feed neck. The weight of this charge varied for the different furnaces, 
but averaged approximately 200 lb. The wood was allowed to burn 
for 10 minutes and, for the tests at high combustion rates, about one- 
fourth of the fuel charge was then fired. Readings of temperatures 
were then taken. The time of firing the first coal was the official 
time for the start of the test. This time was marked on the charts 
of the draft and CO, recorders which had been previously put into 
operation. The balance of the coal charge was subsequently fired in 
three or four lots such that the total charge was in the furnace at the 
end of the first hour of the test. In the case of the tests at very low 
combustion rates, the coal was fired in smaller lots and the charging 
time was extended to an hour and a half. The fire received no further 
attention until the close of the test. The dampers were controlled so 
that the temperature of the air at the bonnet had attained the value 
predetermined for the test within an hour or an hour and a half 
after the start of the test. The automatic damper regulator was then 
put into operation and the desired bonnet temperature was main- 
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tained up to the close of the test. During the period of rising tem- 
perature the anemometer in the recirculating duct was allowed to 
run constantly and all temperature readings in the air system were 
taken every half hour. Compensation was then made for this period 
of rising temperature when the observations were averaged. After 
conditions had become constant all readings were taken once an hour 
on the tests at low combustion rates, and once every half hour on the 
tests at high rates. The anemometer was allowed to run for 15 min- 
utes between readings. 

The tests were closed when a decided break occurred on the CO, 
chart, indicating that the fire had burned to a point where an increase 
in the excess air appearing in the flue gas began to be in evidence. 
This usually occurred when there was from 20 to 30 per cent of 
the original fuel charge remaining on the grates. The fire was then 
quenched by means of water from a hose and the residual fuel and 
ash was removed and dried. The residual material was weighed when 
thoroughly dry. Since the drafts used were very low, all of the ash 
in the original coal charge was contained in the residual. This weight 
of ash was calculated from the weight of the original coal charge and 
the coal analysis and subtracted from the total weight of residual. 
The remainder, which was the weight of carbon, was then reduced to 
terms of equivalent coal, as outlined in a previous bulletin,* and sub- 
tracted from the weight of coal fired in order to obtain the weight of 
coal burned. 

In the case of bituminous coal (Table 3) it was not feasible to 
fire the entire charge within the first hour of the test. Small charges 
of fuel were fired at approximately regular intervals, depending on 
the rate of combustion, and the fire was leveled between firings, when 
the CO, chart indicated that holes had developed in the fuel bed, 
causing an increase in the amount of excess air. Very little auxiliary 
air was admitted through the damper in the firedoor, and the surface 
of the fuel bed was never allowed to burn appreciably lower than 
six inches below the top ring of the firepot. The dampers were auto- 
matically controlled. The furnace was fired over a preliminary period 
of several hours before beginning a test and the same conditions were 
maintained as those required for the test. At the beginning of the test 
the condition of the fuel bed was noted and the ashpit cleaned, and 
the test was closed with the fuel bed in as nearly the same condition 
as possible. A test period of approximately 36 hours was required 
in order to reduce the error in estimating the condition of the fuel 


*“Investigation of Warm-air Furnaces and Heating Syst Ae iv. 
Seni eee g Systems,” Univ. of Ill. Eng. Exp. 
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bed to within a negligible percentage of the total fuel burned. At 
the close of the test the ash and refuse in the ashpit were removed, 
weighed, and analyzed (Table 3). From the weight and chemical 
analysis, the coal equivalent was calculated for the ash and refuse; 
this was then subtracted from the weight of coal fired to obtain the 
weight of coal burned. 


9. Method of Testing—Auziliary Plant—In Section 7 and Fig. 
3 the general features of the auxiliary testing plant are described 
and illustrated. For a test of any particular combination of stack 
and leader, the testing procedure consisted of the nearly simultaneous 
observation of the temperatures at the furnace bonnet, boot entrance, 
boot exit, register throat, inlet pipe, and surrounding atmosphere, and 
the reading of the anemometer, the voltmeter, and the ammeter. The 
actual time required for all the readings was five minutes. For com- 
plete data on the performance of the stack several such tests, cover- 
ing a range of register air temperatures, were required. Between suc- 
cessive tests, when the heat input was varied for the purpose of 
obtaining a new register air temperature, a period of two hours was 
necessary for the establishment of thermal equilibrium. 


Ill. Summary AND Discussion oF TEests AND RESULTS 


10. Results of Tests with Main Furnace Plant.—The results of 
tests on the main or piped furnace plant have been tabulated and 
the averages from both the observed data and the calculated results 
are presented in detail in Table 1. The results of the tests on the 
auxiliary plant can be most effectively shown as curves, and results 
calculated from the observed data are presented in this manner in 
succeeding chapters. A discussion of the results of all tests will be 
found in Chapters IV to XI inclusive. 

These tests are presented in numerical order in Table 1. A 
classification of the tests in accordance with the various conditions 
of operation which were under investigation is given in Table 2 and 
the four types of furnaces tested are shown in Fig. 15. It is possible 
to determine all the conditions existing during any test by noting 
the different classes in which the test number appears. 


11. Results of Tests with Auxiliary Plant—These tests were of 
such varied character that no tabulation of test data and results was 
attempted. Instead, the data appear in graphical form in Chapters 
VII to XII, in which the results obtained with the auxiliary testing 


plant are discussed. 
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TABLE 1 
Data AND Resutts or Tests oN Marin FurNAcE PLANT 


Item 


Items and Units 


Test: nti Dera. ict ereisvaleicvecaievereres cia tere ones ore cot casiorelouaxevevate isialalleteistel cist dvereietststateta ts 128 
Date stadic acceler sara loe el Hatin was Are ohevejaneioraterel si relelierelataley srahelee lorerste rot aael ota tonerats 3-4-24 
Duration of testmlinae cc cctv esis aeons eared ro tae nia ore ahaa eee laeberale z= 7.0 
Barometer, in. of mercury...........-.--- Sc 28.90 
Kind: of coal pai ecseiacticticustetcvsbouwarctoie sbunoceteterts qdisiais bis ois! sisle ibis ajaitte wielm sfetsiai Anthr. 
Calorific value of coal as fired, by oxygen calorimeter, B.t.u. per lb......... 12 790 
Calorifie value of dry ash and refuse, B.t.u. per Ib........... eee eee eeeees 9 420 
Draft‘at‘smoke collar, Inwof water. s)eic-c-s/c-ce scvatevoisieie’. ehalel etelsiey «) s/eielessrorsielaveael| be ae siete 
Draft, differential, ashpit to smoke collar, in. of water...........0.eeeeeee 0.0766 
Temperature of air entering ashpit, deg. Foo). ..0.. 2. wees cee e ees nee ene 85.0 
Temperature: of air/at inlet register, dee. Hol. 51. scl: sist slelsinin's ule) -levelsiens aie viola 85.0 
Temperature of air surrounding leaders, deg. F...... ccc eee ee eee ee tenes 98.0 
Temperature of air at register faces, aver., deg. F.........  whetirecale: cuavehe a ater 192.0 
Temperature rise of air, inlet to register, deg. F..............0. encadonie 107.0 
Equivalent temperature of air at register faces above 65 deg. F. at inlet, deg. F. 1720 
Temperature of alt atipoots, aver. deg.a lan. onise site crsisbelleveins slotline 200.0 
Temperature drop of air,-bonnet to boots, deg. Be... cc snc cece cuteceene: 13.5 
Temperature of air‘at bonnet, deg Bl oo ocak. atelccle «eset walslcle sievenareieieraiete 213.5 
Temperature rise of air, inlet to bonnet, deg. F..... 1... cece cee ee cee eee 128.5 
Temperature of flue gas at smoke collar, deg. F..... 2... .. eee cece ee eens 859 
‘Témperature.ofcast front suriace,; ders iB circ. s0 sissies sisi eveiereiniore Seite torial 231 
Temperature of g<alv.i bonnet surface; "deg, Ee ace ce cele cae wines eine iotne te 180 
Temperature of galy. casing surface, deg. B.. sie o oescios setae « wi eleiemalee wee 172 
Temperature of galv. recirculating shoe surface, deg. F...............-.00- 116 
Temperature of concrete floor, inside base ring, deg. F.............00 ce aee 225 
Temperature:of ashpitsurface,. deg. INS Mn) temieedes ise oon cee en eeeenee 428 
Temperature of, firepot: surface, (deg. Fo cso cth ca erecta care el Stenson ieraiaeteie toc c!| Manne 
Temperature of combustion chamber surface, deg. F...............0000005 883 
Temperature of radiator-surtace, dee. By. wa .cllewelnalsioeincioels |e pisele embers 675 
Density of/air’at inlet registers-to., per Cus tb.a sie aeiieniee eee eeneeenee 0.0702 
Density ofairatibonnet sib. per cutter cute cnisieeeiaieteiosieelciersieteresrer iaiaie 0.0570 
Densityzof air at reristerstacess lby.pericu: tte cen seo meieen cv oeietetoeeie iene 0.0588 
Velocity through free area of inlet register, ft. per min............ © Ooierrete 250 
Velocity of flow in recirculating duct, ft. per Min.............ccececcecece 195 
Velocity through minimum free area of furnace, ft. per min..............-. 230 
Volume ofiair'at register:faces)cuit. per br.jces ne fon des erereee ce coterie 78 000 
Weight. oftairicirculated per hrelbat acts n a eee ro ere eee 4 590 
Weight of air circulated per lb. coal burned, Ib..............cccececcccece 222.0 
Weight of air circulated per 10,000 B.t.u. developed on grate, lb............ 174.0 
Weightiof:coal fired) totals lb.it cae cni. acl alee merere etre anon eee 200.0 
Weight of dry ash and refuse at end of test, Ib..............ccececceccece (hes 
Weight of coal equivalent of refuse; lbs.) occ ancsnide Oe de Geman anoee nen 55.5 
Weight of coal burned dure test. net) Ibis. sone eee ie nace oe nome 144.5 
Weight of/coal barnedipershr. metal bcicmnian cee enn cei Meee nee gn 20.6 
Combustion rate, lb. coal burned per sq. ft. grate per hr... ........0ee0eee 7.82 
Heat developed by net coal burned per hr., B.t.u....... ccc cee cece nec eece 264 000 
Capacity, heat put into air between inlet and bonnet, B.t.u. perhr......... 141 600 
Heat available at register faces, above 70 deg. F., B.t.u. per hr............. 112 400 
Efficiency of furnace; pericont, -acrereters era eater e reiterates = eee 53.6 
Carbon dioxide in flue gas, per cent by volume...........0e.ccceccccecee. 13.4 
Oxygen in flue gas, pericent:by: volume:..nltess coconuts ce nue ace Looe 6.1 
Weight dry flue gas per Ib. coal burned, Ib..............00ce0eee.. see ee.. 14.40 
Heat lost in flue gas, B.t.u. per Ib. coal burned.........¢se.sccseececcccce 3141 
Heat lost by radiation and unaccounted for, B.t.u. per Ib. coal burned. . .. 2789 
Heéat lost: ingle gas\.pericent sac a cee tit ore eee eel 24.6 
Heat lost by radiation and unaccounted for, per cent..................... 21.8 
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TasueE 1 (Continued) 
Data AnD Resutts or Tests on Martn Furnace Puant 


Test Data and Results 


130 131 132 133 134 135 
3-20-24 3-10-25 3-12-25 3-16-25 3-19-25 3-20-25 
14.0 6.5 120 9.0 A) 11.0 
28.95 29.18 29.70 29.55 29.60 29.60 
Anthr. Anthr Anthr. Anthr. Anthr. Anthr. 
12 790 12 790 12 790 12 790 12 790 12 790 
9 320 9 120 9 620 9 640 9 480 9 800 
Severe 0.1400 0.0550 0.0880 0.1070 0.0280 
0.0165 0.0760 0.0205 0.0440 0.0560 0.0230 
dO 86.5 78.3 81.0 81.0 83.5 
76.5 81.0 79.0 82.0 83.0 83.0 
84.0 95.0 86.5 94.0 89.0 89.0 
150.0 199.0 156.0 175.0 187.5 162.0 
73.5 118.0 77.0 93.0 104.5 79.0 
138.5 183.0 142.0 158.0 169.5 144.0 
155.5 208.0 161.0 182.0 197.0 168.0 
10.0 16.5 1265 14.0 15.0 13.0 
165.5 224.5 173.5 196.0 212.0 181.0 
89.0 143.5 94.5 114.0 129.0 98.0 
631 900 627 742 836 653 
168 223 Na 220) in nc crieenls | “crs arc 
137 185 142 EGie lice. ia ee eee 
122 175 130 TAQ) sel cere, Main gecusttecs 
90 117 95 > i re rat Nm Rr roe che 
184 244 195 LO Tiel Wevctetererselt ae eisreciere 
SSZume Lill acercrtecion Til mistress adage” [} - cqcetroen (Ue  Rreseeere 
Foret 1 240 946 1 047 1 178 968 
656 938 684 774 865 695 
441 711 476 575 652 480 
0.0715 0.0714 0.0730 0.0722 0.0722 0.0723 
0.0614 0.0565 0.0621 0.0597 0.0584 0.0612 
0.0629 0.0586 0.0639 0.0616 0.0606 0.0631 
214 255 217 237 244 216 
167 199 170 185 191 169 
186 241 190 214 226 191 
63 600 81 200 65 000 72 800 76 400 64 800 
4 000 4 760 4 155 4 480 4 630 4 090 
3 830 207.5 353.0 280.0 226.0 327.0 
300.0 162.5 277.0 219.0 177.0 256.0 
200.0 200.0 200.0 200.0 200.0 200.0 
74.0 71.5 78.5 76.0 76.5 81.5 
53.8 51.0 59.0 56.1 56.7 62.4 
146.2 149.0 141.0 143.9 143.3 137.6 
10.45 22.92 11.73 16.00 20.45 12.50 
3.96 8.68 4.45 6.06 7.76 4.74 
133 500 293 000 150 200 204 500 262 000 160 000 
85 400 163 800 94 200 122 500 143 300 96 200 
65 700 129 000 71 700 94 600 110 500 72 600 
64.0 55.9 62.7 59.9 54.7 60.2 
10.4 13.6 12.4 14.0 13.2 10.3 
9.1 5:9 thal 5.5 6.3 9.2 
18.35 14.26 15.44 13.82 14.58 18.37 
2 868 3 237 2 480 2 640 3 109 2.970 
1 732 2 403 2 290 2 490 2 681 2 120 
22.4 25.3 19.4 20.6 24.3 23.2 
13.6 18.8 17.9 19.5 21.0 16.6 


Tests 128-130, cast-iron crab-radiator furnace, 48 in. lined casing. . 
Tests 131-133, crab radiator, 48 in. lined casing. Stop in rear flue of radiator. : 
Tests 134-135, same as 131-133, but with deflector to force air through inner passages of radiator. 
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TasLeE 1 (Continued) 


Dara AND Resuuts or Tests oN Main FurRNACE PLANT 


Ae Test Data and Results 

il 136 iBY/ 138 139 140 141 142 

2 3-28-25 3-30-25 3-31-25 4-2-25 11-10-25 11-11-25 11-12-25 
3 Dao: 10.0 7.0 4.0 6.5 12.0 5.0 
4 29.50 29.60 29.62 29.42 29.50 29.25 28.90 
5 Anthr. Anthr. Anthr. Anthr Anthr. Anthr Anthr. 
6 12 790 12 790 12 790 12 790 12 790 12 790 12 790 
i 10 280 9 790 9 840 9 620 10 000 9 870 9 300 
8 0.1100 0.0490 0.0830 0.0150 0.1200 0.0480 0.1500 
9 0.0630 0.0207 0.0520 0.0136 0.0770 0.0240 0.1410 
10 82.5 79.0 80.0 85.0 85.5 85.0 89.0 
11 83.0 80.0 80.0 85.5 86.0 86.0 88.5 
12 91.0 88.0 90.0 102.0 94.0 93.5 100.0 
13 168.0 147.0 160.5 200.5 189.5 159.5 213.5 
14 85.0 67.0 80.5 115.0 103.5 Caves 125.0 
15 150.0 132.0 145.5 180.0 168.5 138.5 190.0 
16 174.0 152.0 166.5 209.5 198.0 165.5 224.0 
17 13.5 9.0 1255 W733 15.0 10.0 nie0 
18 187.5 161.0 179.0 227 .0 213.0 175.5 241.0 
19 104.5 81.0 99.0 141.5 127.0 89.5 152.5 
20 837 648 821 1 037 882 662 1 043 
21 248 205 230 288 276 232 302 
22 160 132 147 189 273 212 339 
23 173 135 154 215 152 124 180 
24 120 103 115 145 135 83 152 
25 201 179 196 207 205 188 245 
26) eee cil aah, eave, ell iemerreteygets ae |) © Ua-neeeeeene 450 356 477 
27 1 041 886 975 1 169 978 796 1 103 
28 681 562 658 878 i Arig | 579 881 
4. a eee an (ee eee (CS reer ee as eel ee I ea dtl oe won noo 
30 0.0720 0.0726 0.0727 0.0715 0.0716 0.0711 0.0698 
31 0.0603 0.0631 0.0613 0.0568 0.0580 0.0610 0.0546 
32 0.0621 0.0646 0.0633 0.0590 0.0602 0.0626 0.0569 
33 228 205 220 245 243 215 257 
34 178 160 172 191 189 168 201 
35 248 215 238 281 234 196 257 
36 69 000 60 400 66 200 77 600 75 700 63 900 82 600 
37 4 290 3 900 4 190 4 580 4 560 4 000 4 700 
38 248.0 84G0 285.0 173.0 222.0 352.0 161.0 
39 193.0 295.0 223-50 135.0 173.0 275.0 125.5 
40 150.0 150.0 150.0 150.0 200.0 200.0 200.0 
41 68.0 61.0 61.5 59.0 85.0 82.5 74.0 
42 54.6 46.6 47.2 44.3 66.4 63.5 53.8 
43 95.6 103.4 102.8 105.7 133.6 136.5 146.2 
44 17.40 10.34 14.68 26.39 20.55 11.39 29.25 
45 7.58 4.51 6.42 11.55 7.45 4.12 10.60 
46 222 000 132 200 188 000 338 000 263 000 145 500 374 000 
47 107 500 75 900 99 600 155 500 139 000 85 900 172 000 
48 82 300 58 100 76 000 121 000 107 500 65 700 135 500 
49 48.5 57.4 53.0 46.0 52.8 59.0 46.0 
50 12).5 n Wy 12.8 14.0 14.5 13.0 15.0 
51 7.0 ow 6.7 Sao: 5.0 6.5. 4.5 
52 15.05 16.00 14.90 13.75 13.2 14.7 13.0 
53 3 256 2 642 3 136 3 645 3 027 2 501 3 467 
54 3 324 2 808 2 874 3 255 3 003 2 739 3 443 
55 25.5 20.7 24.5 28.5 23.7 19.6 ail 
56 26.0 21.9 22.5 25.5 23.5 21.4 26.9 


Tests 136-139, cast-iron open-dome radiator, 48 in. lined casing, 24 in. firepot. 
Tests 140-142 cast-iron open-dome radiator, 52 in. lined casing, 26 in. firepot. 
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Tas_eE 1 (Concluded) 
Data AND ReEsutts or Tests oN MAIN FuRNACE PLANT 
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Item 
Test Data and Results No. 
143 144 145 146 147 148 149 aL 
11-18-25 11-20-25 2-23-26 2-25-26 2-26-26 4-1-26 46-26 2 
31.0 23.0 8.0 4.5 12.0 6.0 12.0 3 
29.42 29.50 29.55 28.80 29.20 29.40 29.07 4 
Bitum. Bitum. Anthr Anthr. Anthr Anthr Anthr. 5 
11 226 11 226 12 790 12 790 12 790 12 790 12 790 6 
628 1 400 10 250 10 350 10 000 9 300 9 300 7 
0.0956 0.1380 0.1150 0.2000 0.1020 0.1750 0.1160 8 
0.0536 0.1010 0.0530 0.1500 0.0233 0.1325 0.0563 9 
82.0 84.0 86.0 82.0 82.0 8255 83.0 10 
82.5 82.0 88.0 82.0 82.0 81.0 83.5 11 
91.0 92.0 95.0 97.0 92.5 98.0 98.0 12 
144.5 185.5 173.0 201.5 152.5 198.0 160.0 13 
62.0 103.5 85.0 119.5 70.5 117.0 76.5 14 
227.0 168.5 150.0 184.5 135.5 182.0 141.5 15 
149.5 193.0 180.0 211.0 158.0 207.5 167.5 16 
10.5 15.0 12.0 16.0 9.5 15.5 11.0 17 
160.0 208.0 192.0 227.0 167.5 223.0 178.5 18 
17.5 126.0 104.0 145.0 85.5 142.0 95.0 19 
752 1 001 782 1 048 638 1 038 737 20 
198 PHS Meili oe Ars coven allt, Gi nO rte Mel ee eo. e aN eR eA (0 cee ronen 21 
201 Dh Leap, le suite le  adterste. It sderoaetetae OMe aacicroen 22 
114 OAT Pen eee: MEd a kei eae. och. siedetegtarce ON areas 23 
101 en eesti Num tei eet Oo) Ccamuete’ I sie(Nertere wil geekewnn 24 
134 SS ee ae Seer Se scents esietitey “t) —oecsta srlwe fs oaeatote re Pecubtla Tey eras 25 
146 163 464 523 409 439 391 26 
495 648 893 1 150 802 1 031 831 27 
558 819 646 882 541 807 603 ra 
Re eee) rca ll uercicc Aerts ul respwisn@rerer ail wiscecaatieve: i. levecwharetecet, lle oGktGutereis 2 
0.0719 0.0721 0.0715 0.0705 0.0714 0.0720 0.0709 30 
0.0629 0.0585 0.0601 0.0556 0.0617 0.0571 0.0603 31 
0.0645 0.0605 0.0619 0.0577 0.0632 0.0592 0.0621 32 
196 250 238 268 219 254 217 33 
153 195 186 209 171 198 170 34 
175 241 192 230 172 304 243 35 
57 100 77 800 71 900 85 400 64 700 80 700 64 900 36 
3 685 4 710 4 450 4 930 4 090 4 780 4 030 37 
297.0 166.0 281.0 177.0 369.0 196.0 331.0 38 
265.0 148.0 219.0 138.0 288.0 153.0 259.0 39 
386.0 665.0 200.0 200.0 200.0 200.0 200.0 40 
34.0 104.0. 90.0 92.0 85.5 74.0 74.0 41 
2.0 13.0 72.0 74.4 66.9 53.8 53.8 42 
384.0 652.0 126.9 125.6 133.1 146.2 146.2 43 
12.39 28.30 15.86 27.90 i Feat) 24.39 12.20 44 
4.49 10.27 SHO, 10.10 4.01 8.83 4.41 45 
139 200 318 500 203 000 357 000 141 800 311 600 155 700 46 
68 600 142 500 111 000 171 500 84 000 162 900 91 900 47 
50 400 111 500 85 500 135 500 64 300 128 500 69 100 48 
49. 44.8 54.7. 48.1 59.2 52.3 59.0 49 
Ae 10.4 14.5 1350 12.3 14.3 ght 50 
11.0 9.1 5.0 5.8 7.2 5.2 8.4_ 51 
0 14.4 Sez 13.8 15.4 13.6 17,25 52 
3 570 4 003 2 723 3 768 2 531 3 597 3 153 53 
2 116 2 193 3 067 2 872 2 689 2 503 2 087 54 
31.8 35.7 21.3 29.5 19.8 28.1 24.7 55 
18.8 19.5 24.0 22.4 21.0 19.6 16.3 56 


Tests 143-144, same as 140-142, but with soft coal. ; ; 
Tests 145-147, cast-iron open-dome radiator, 54 in. lined casing, 26 in. firepot. 


Tests 148-149, same as 145-147, but with 50 in. lined casing. 
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TABLE 3 
CHEMICAL ANALYSES or CoaALs* 


Proximate Analysis of Coal as Fired Anthracite Bituminous 
Fixed carbon, per cent....... 78.98 40.78 
Volatile matter, per cent 0 oe 6.19 37.24 
Moisture, per cent.......... ae a 1.44 10.46 
PASI ap DGr: CON Uianisyy cave arsenate si cisreealc ators ici eine oaiaesie a orate 13.39 11.52 
Calorific value by oxygen calorimeter, B.t.u. per lb.......... 12 790 11 226 

Ultimate Analysis of Coal as Fired 
Marbonw( C) WErscent ices teats ecsrecsisear avs ak ie arsseaene a aaah ane 79.50 60.14 
Pir drogenk(h),; DETLCONts mascieie nin chides ice UAE DA Ratios 2.43 4.76 
Wxyconi(O)s pericent. jose cycler nce aa slicers cum 6b wiwsiceee 1.68 8.01 
Noro wendy (IN) Sper: COnb cersiar-accia sis racemes ice Aah oie sores 0.75 1.43 
PPTs) DELICEN a5 crtoaks oe eee te ceed ie he mee eo 0.81 3.68 
Moisture’atdOs deg; C:; per:cent. acce once cele ace cacied. ox 1.44 10.46 
PSB EPATTS OTL GOILUG. Soler pete taven Sis, hoy = faye teckel oS aiolieteie) ose toaavoneo hs 13.39 11.52 


*Anthracite coal all of stove size. 
Bituminous coal run of mine, lumps broken to stove size. 


12. Method of Presenting Test Results.—Since the discussion of 
individual tests would be of little significance in showing how the ob- 
jects of the investigation have been accomplished, the tests are 
grouped and presented in the following eight chapters, IV to XI in- 
clusive. The test numbers are also given under each chapter heading 
so that reference may be made to the individual tests in Table 2. 

Throughout this bulletin the quantities referred to as “capacity,” 
“furnace efficiency,” “equivalent register air temperature,” ‘“combus- 
tion rate,” and “heating effect,” are based on the following formulas: 


Capacity, B.t.u. per hr. put into air—= W &X 0.24 & (T, — T;) 
Combustion rate, lb. coal burned per sq. ft. grate per hr.—C/A 


capacity « 100 
heat developed on grate per hr. 
W x 0.24 « (T, — Ti) X 100 
Cre TH 


Equivalent register air temperature = (7, — T; + 65) =T- 


Furnace Efficiency, per cent = 


(Based on air temperature of 65 deg. F. at recirculating duct) 
Heating effect at register, B.t.u. per hr. = W X 0.24 X (T — Ti) 
in which 
W =weight of air flowing in system per hr., lb. 
0.24 — average specific heat of air. 
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C =weight of coal completely burned per hr., lb. 

— calorific value of coal, B.t.u. per lb. 

= area of grate surface, sq. ft. 

temperature of air at inlet to recirculating duct, deg. F. 

» = temperature of air at furnace bonnet, deg. F. 

, = temperature of air at register, deg. F. 

¢ = equivalent register air temperature, based on 65 deg. F. 
at recirculating register. 


SS ay 


LV. CRAB-RADIATOR TYPE OF FURNACE 


(Marin Puant; Tests 128-135) 


13. Performance with Three Sizes of Casings—Tests were run 
on the crab-radiator type of furnace for the purpose of determining 
the effect of the size of the casing on the performance of the furnace, 
and with the additional object of using the data obtained to compare 
the performance of this type of furnace with the performance of 
other types tested. The latter object is discussed in Chapter VI. 

These tests were run with anthracite coal on the furnace installed 
in the main furnace testing plant, as shown in Figs. 1 and 2. The 
furnace itself is shown in Fig. 15, and the general dimensions are given 
in Table 2. From the table it may be noted that the furnace had a 
grate diameter of 22 in., a grate area of 2.64 sq. ft., and a total heating 
surface of 51.47 sq. ft. The radiator was connected to the main drum 
or combustion chamber by means of eight flues or gas passages. The 
standard equipment consisted of a casing 52 in. in diameter. In ad- 
dition to this casing, two other casings having diameters of 50 in. and 
48 in., respectively, were used. 

The performance curves are shown in Fig. 4, and indicate that 
the highest capacity and efficiency were developed when the smallest, 
or 48-in. casing was used. The lowest capacity and efficiency were ob- 
tained with the 50-in. casing. 

The relation between the free area at the most restricted section 
through the casing and the capacity developed per sq. ft. of grate 
area is shown in Fig. 5. This curve indicates that the furnace de- 
veloped the minimum capacity with a medium sized casing and greater 
capacities with both larger and smaller sized casings. It would appear 
that for the particular furnace tested the best results were obtained 
with the 48-in. casing, but from considerations that are discussed more 
at length in Chapter VI, page 45, the larger size of casing should be — 
regarded as the most practical as well as the most advantageous size. 
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If this is done, it may be noted that the curve has a tendency to 
reach a maximum at a value of approximately 1100 sq. in. of free 
area, or with a ratio of free area to total leader-pipe area of 1.33. 


14. Effect of Closing Rear Gas Passage—Owing to the fact that 
the smoke connection for the crab-radiator furnace was made directly 
into the rear gas tube, as shown in Fig. 15, it appeared that there was 
a possibility that the hot gases given off from the fuel bed might short- 
circuit directly into the smoke pipe, and thus reduce the efficiency of 
the furnace. In order to determine whether or not this short-circuit- 
ing actually occurred, a series of three tests was run under the same 
conditions outlined in Section 18, except that the rear gas passage 
was closed by means of the plate indicated in Fig. 7. The plate was 
cemented in place to prevent leakage of gas. 

The performance curves for the furnace both with and without 
the stop are shown in Fig. 6, and indicate that some advantage was 
gained by the use of the stop. No gain was observed at low com- 
bustion rates, but a material increase in capacity and efficiency was 
effected at high rates. At a combustion rate of 7 lb. of coal per sq. 
ft. of grate surface per hr. the gain was 4 per cent, and at a 10-lb. 
rate it was 5 per cent. This gain was evidently brought about by 
forcing more of the gases to come into contact with the heating sur- 
face, thus resulting in lower flue-gas temperatures, as indicated in 
Fig. 7. The lower flue-gas temperatures were an indication of better 
heat absorption and reduced flue-gas losses. 


V. OpEN-DOME TYPE OF FURNACE 
(Main Puiant; Tests 136-149) 


15. Performance with Three Sizes of Casings—The object of 
these tests was to determine the effect of the size of the casing on 
the performance of the open-dome type of furnace, and to obtain data 
to be used for the comparison of the performance of this type of 
furnace with the performance of other types. This comparison is 
made in Chapter VI. 

The tests were run with anthracite coal on the furnace installed 
in the main testing plant. The furnace is shown in Fig. 15 and the 
general dimensions are given in Table 2. This furnace had a grate 
diameter of 22.5 in., a grate area of 2.76 sq. ft., and a total heating 
surface of 48.62 sq. ft. The combustion chamber consisted of a large 
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Fic. 8. Buast Tuspes ror OpEN-DOME FURNACE 


corrugated drum with a single diving flue, which took the place of a 
radiator, the object of which was to force the gases coming from the 
fuel bed more completely to fill the combustion chamber. 

The furnace was provided with two blast tubes opening into the 
combustion chamber just above the fuel bed. These tubes are shown 
in Fig. 8. They were joined at the front of the furnace, and a single 
draft damper was provided to control the auxiliary air supply over 
the fuel bed. In addition, a branch from the junction box opened 
directly into the ashpit. Dampers were not installed in this branch, 
and some air from the ashpit was admitted above the fuel bed when 
the ashpit damper at the front of the furnace was opened. For the 
tests on which anthracite coal was burned, the blast tubes and auxil- 
lary air damper were sealed with furnace cement, and for all tests 
on this furnace the direct draft damper in the smoke pipe was sealed, 
thus causing the products of combustion to pass through the diving 
flue. The draft, per cent CO,, and temperature of the flue gases were 
measured at the smoke collar just outside of the casing at the point 
where the gases emerged from the diving flue. 

The standard equipment for this furnace consisted of a casing 
52 in. in diameter. In addition, two other casings having diameters 
of 50 in. and 54 in., respectively, were used. 
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Fic. 9. PrrrorMANCE CurRvVES FoR CAST-IRON OPEN-DOME FURNACE, WITH 
THREE CASING Sizes, AND witH Harp AND Sorr Coan 


The performance curves for the furnace equipped with the differ- 
ent sizes of casings are shown in Fig. 9. These curves indicate that 
the capacity and efficiencies were greatest when the smallest, or 50-in. 
casing was used and least when the medium size, or 52-in. casing 
was used. The capacity and efficiency were slightly greater for the 
largest size casing than for the medium size. 

The relation between the capacity per sq. ft. of grate surface 
and the free area at the most restricted section of the casing is shown 
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in Fig. 10. The curves seem to indicate the possibility of a maximum 
unit capacity occurring with a free area of approximately 1000 sq. 
in., or with a ratio of free area to total leader pipe area of approxi- 
mately 1.25. 


16. Performance with Hard and Soft Coal—Two tests were run 
on the open-dome furnace equipped with a 52-in. casing in order to de- 
termine the performance on soft coal, as compared with the perform- 
ance on hard coal. The chemical analyses for both the hard and soft 
coal are given in Table 3. The hard coal was of comparatively uni- 
form stove size and had a calorific value of 12 790 B.t.u. per lb. The 
soft coal was broken up from lump coal, and, as fired, contained the 
fines resulting from the breaking process, and lumps possibly as large 
as six Inches in some cases. It was a Central Illinois coal having a 
calorific value of 11 226 B.t.u. per lb., and containing 37.24 per cent 
of volatile constituents. 

The hard-coal tests were run under the conditions outlined in 
Section 15 with the blast tubes and auxiliary air damper sealed. For 
the soft-coal tests the blast tubes were open into the ashpit at all 
times, and some auxiliary air was admitted through the auxiliary 
air damper for short periods immediately after firing a fresh charge. 
The coal was fired in charges of approximately 50 lb. at such inter- 
vals as were necessary to maintain a uniform fuel bed to a height 
of not less than 6 inches below the top ring of the firepot. 

The performance curves for the furnace equipped with a 52-in. 
casing for both hard and soft coal are shown in Fig. 9. On compar- 
ing these two sets of curves, it may be noted that the capacity de- 
veloped when the soft coal was used was materially lower over the 
whole range of combustion rates than the capacity developed with 
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the hard coal. The efficiency obtained with the soft coal was lower, 
but at the same time was more nearly constant over the whole range 
of combustion rates, than it was for the hard coal. Thus, in passing 
from a 4-lb. combustion rate to a 9-lb. combustion rate, the efficiency 
for the hard coal dropped from 60 per cent to 47 per cent, giving a 
difference of 13. In the case of the soft coal, the drop in efficiency 
for the corresponding combustion rates was from 50 per cent to 45 
per cent, giving a difference of only 5. The percentage decreases in 
efficiency for the two cases were 21.6 and 10.0, respectively. 

The two fuels used had different calorific values as well as differ- 
ent physical and chemical characteristics. In order to compare the 
performance of the furnace in the two cases on the basis of the in- 
herent physical and chemical characteristics as distinct from the ac- 
tual calorific values, the results have been plotted against the heat 
_ developed on the grates per hour. These curves are shown in Fig. 
11. The order of the curves is the same as for Fig. 9, but the differ- 
ences indicated are not quite as great as those shown in Fig. 9. 

The temperatures of the flue gases leaving the furnace are shown 
in Fig. 12. These two curves have the same trend as the efficiency 
curves. That is, they indicate a relatively smaller decrease in effi- 
ciency at higher combustion rates for the soft coal than for the hard. 
However, the differences in temperature between the flue gases for the 
two fuels is hardly enough to account for the marked differences in 
efficiency on the hypothesis that the latter differences were caused only 
by greater sensible heat losses in the flue gases. Furthermore, if this 
were the case, higher efficiencies for the soft coal than for the hard 
coal would be expected at combustion rates above 8 lb., since at these 
rates the flue-gas temperature was apparently lower for the soft coal 
than for the hard. Hence the influence of some factor other than flue- 
gas temperature is indicated. 

Several samples of flue gas taken during the period of the soft- 
coal tests, and analyses for combustible in the gas showed amounts of 
CO as high as 1.8 per cent and H, as high as 3.0. per cent. The 
number of samples taken was not sufficient to represent the average 
conditions over the period oi the tests and therefore not sufficient to 
permit a calculation of the heat loss from this source. But they do 
indicate that combustible gases were present in the flue gases coming 
from the soft coal to an extent sufficient to cause a material reduction 
in efficiency above that normally occurring from increased flue-gas 
temperatures alone. No appreciable amounts of combustible were 
observed in the flue gases from the hard coal. 


ILLINOIS ENGINEERING EXPERIMENT STATION 


34 


TVOZ) OG GNV GVA, HLIM BOVNUN IvOZ) L40g INV Guvyy HIIM 


G@WOd-NaddQ) YOd SVL) GATY dO AuOLVaddWN| [, “SL COIS MOVNUA YT ANOG-Nad¢Q) NOUI-LS¥(-) 40 GONVWUOMNAd “TI DIY 
My) 120 221) JO bp OS 100 Mp 480 P29 YO GYOUOCSTIOYL Ci/ 
[029 JO OY td! 260 UOUSTIQUOD SBL219 UO 220/BNI7 LO2L/ 
Me tes a aha Ba iS FR ee OE maa F 
ohved nbsp 9b81) 10 woe ———|_| N PTT LT ser wow | oS 
0 2LG QOL) YOQD P40] —— N : casa as VS 
+ ; OO? aN OF i) Vv 
| : O8 
q C ALY WG wy 1 es R 
009 $& ® 000 09 a alee S09 * 
Q x NN Of 120 778. 922 | 100 $405 -— == 
NY Ny OY 120 1729 O6LE) OOP PLEL4 
WEN $000 08 | + 
Te aS 
000/ *& NALA b a) 
yO . 
x. 
0021 9% ~~ ® 20002 © 
Cs . 02S. 
S ‘ x 
a1 SS 000 001 ¥ 
NY Q 
Z/ \ 0r/ 
N y Y 
o/ Xx Q 000 09/ Ni 
PANS N ous 
Nan y - 
* i \. 000 08/ x 
: ows 
» 


REPORT OF PROGRESS IN WARM-AIR FURNACE RESEARCH, PART III 35 


The blast. tubes on this furnace shown in Fig. 8 provided two 
sources of auxiliary air above the fuel bed when the furnace was 
operated with soft coal. One of these, at the front of the furnace, 
was provided with a damper, and was under control. The other 
opened directly into the ashpit and had no separate damper pro- 
vided for control. The auxiliary air damper at the front of the fur- 
nace was always closed within approximately 45 minutes after firing 
a fresh fuel charge, or at the completion of the volatilization period. 
Auxiliary air was admitted above the fuel bed, however, through the 
connection from the junction box into the ashpit whenever the ashpit 
damper was opened to admit air through the grates. This occurred 
both during the volatilization and the coking periods. The frictional 
resistance of these tubes was apparently comparable with that of the 
grates and fuel bed, and at times, particularly for the higher rates of 
combustion, it was difficult to draw enough air through the fuel bed 
to maintain the rate of combustion. A considerable part of the com- 
bustion occurred at the surface of the fuel bed and was accompanied 
by large amounts of excess air during the coking periods. As a re- 
sult, the percentage of CO, in the flue gases was low in the case of soft 
coal, thus indicating high excess air, as shown by the curves in Fig. 
12. This also was a factor contributing to the low efficiencies obtained 
when the furnace was operated with soft coal. In all cases where 
provision is made for auxiliary air above the fuel bed, provision 
should also be made for stopping the supply during the coking period. 
Otherwise the losses due to excess air during the coking period may 
more than offset the gain due to better combustion during the vola- 
tilization period. 


17. Performance of Two Sizes of Furnaces—The object of these 
tests was to compare the performance of two furnaces of the same de- 
sign but of different sizes. 

Two furnaces of the open-dome type shown in Fig. 15 were used. 
One had a grate diameter of 20.5 in., a grate area of 2.29 sq. ft., and 
a total heating surface of 43.73 sq. ft. This furnace was equipped 
with a 48-in. casing. The other furnace had a grate diameter of 22.5 
in., a grate area of 2.76 sq. ft. and a total heating surface of 48.62 sq. 
ft. This furnace had a 52-in. casing. The general dimensions of both 
furnaces are given in Table 2 

The two furnaces were installed in the main plant and were tested 
with anthracite coal under identical conditions. The plant had 808 
sq. in. of leader pipe area in both cases. This corresponded approxi- 
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mately to the rating for the larger furnace, but was in excess of the 
rating for the smaller one. 

The performance curves plotted against the combustion rates 
are shown in Fig. 13. These curves indicate that at the same com- 
bustion rate the capacity and equivalent register air temperature were 
lower for the smaller furnace than for the larger, but the efficiencies 
of both furnaces were practically the same. This tends to confirm 
a conclusion that combustion rate is a factor having the greatest in- 
fluence on efficiency, and that within certain limits the efficiency 1s 
independent of the size of the furnace provided that there is not a 
wide divergence in the ratio of heating surface to grate surface be- 
tween the two sizes. However, at the same combustion rate different 
total weights of coal will be burned per hour, and it is to be expected 
that a corresponding difference in capacity will exist. 

Under practical conditions of installation, where the design of 
the plant is based on some assumed register air temperature, the 
same capacity demand will be made at the same register air tem- 
perature on two identical plants under the same weather conditions, 
irrespective of the sizes of furnaces actually installed. It is therefore 
of interest to note just how two furnaces of different sizes will meet 
the same demand for a given register air temperature in the same 
plant. This may be observed from the curves in Fig. 14, where the 
performance has been plotted against register air temperature. At 
the same register air temperatures the capacities developed by the 
two furnaces were practically the same. In order to meet this demand 
for capacity, however, materially higher combustion rates had to be 
used for the smaller furnace than for the larger one. These higher 
combustion rates were accompanied by correspondingly lower efficien- 
cies. They also indicate the necessity for a better chimney in case 
a small furnace is installed. In so far as supplying a required amount 
of heat to a house is concerned, there is no objection to installing a 
small furnace in case a good chimney and an ample air circulating 
system are also installed, provided that it is understood that lower 
furnace efficiency must be expected, accompanied by high flue-gas 
temperatures, and consequently lower overall heating efficiency for 
the house as a whole. The fact that practically all of the furnace 
efficiency curves tend to reach a maximum at a combustion rate of 
approximately 3 lb. also indicates that it is possible to install too large 
a furnace for efficient operation, and that it is advisable to base the 
design of the plant on reasonable combustion rates for both mild and 
severe weather, and to adhere rigidly to the size of furnace as de- 
termined by these combustion rates. 
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VI. ComparISON oF Four Typrs or FURNACES 


(Main Piant; Tests 96-97, 102-106, 128-130, 148-149) 


18. Performance of the Four Types.—Certain tests, listed under 
the caption for this chapter, have been selected in order to compare 
the performance of four types of furnaces when installed in the main 
testing plant and operated under identical conditions, using anthra- 
cite coal as a fuel. The four types are shown in Fig. 15, and the 
general dimensions are given in Table 2. Supplementary tables of 
dimensions are also given on the curve sheets in Figs. 16 and 17. 
Several sizes of casings were used on each furnace, but for the pur- 
pose of comparison, the results obtained when using the most efficient 
size of casing have been regarded as characteristic of the perform- 
ance of the particular furnace tested and of the type represented. 

The performance curves shown in Figs. 16 and 17 have been 
transferred from the ones representing the performance with the best 
size casing in each of the separate groups of performance curves 
shown in Figs. 4 and 9 in this bulletin, and in Figs. 21* and 22* in a 
previous bulletin. Figure 16 shows the efficiency, capacity, register 
air temperature, and draft plotted against combustion rate as a base. 
Inspection of the table included with this figure indicates that the four 
furnaces had grates that were slightly different in size. The maxi- 
mum grate area was 2.88 sq. ft. and the minimum was 2.47 sq. ft. 
Since, for a given combustion rate, the total capacity developed is 
determined by the actual grate area, a comparison of the four furnaces 
on the basis of total capacities would be influenced by the size of 
grate as well as by the type of furnace. This is illustrated by Fig. 
13, from which it may be noted that for two different sizes of a given 
type of furnace, operating at a given combustion rate, the ratio of 
total capacities is the same as the ratio of the grate areas. Therefore, 
if the total capacity is divided by the grate area, thus expressing it 
as a unit capacity, the effect of size is eliminated, and the curves 
become comparable on the basis of type of furnace alone. Unit capac- 
ities have been plotted in Fig. 16. The curves in Fig. 13 further indi- 
cate that for a given type of furnace the efficiency is, within reasonable 
limits, independent of the size. That is, at given combustion rates the 
efficiencies for the two sizes of furnaces were practically the same. 
Hence the efficiency curves in Fig. 16 are directly comparable on the 
basis of type of furnace. This is also true for the draft curves, since 


draft is a function of combustion rate and type rather than of size of 
furnace. 


*“Investigation of Warm-air Furnaces and Heating S stems, Part II,’’ Univ. of Ill. E 
Exp. Sta. Bul. 141, 1924, pages 63 and 64. ee YN ee 
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If two different sizes of furnaces of the same type are installed in 
the same plant the greater capacity developed by the larger furnace 
at the same combustion rate is accompanied by, or rather caused 
by, a higher register air temperature. This is also illustrated by 
Fig. 13. The register air temperature is therefore influenced by both 
size and type of furnace, and no method suggests itself for separating 
the effect of these two factors, or of eliminating one of them. The 
register air temperature curves in Fig. 16 accordingly represent the 
combined effect of both size and type of furnace. 

From Fig. 16, it may be noted that the capacity and efficiency 
curves for the different types of furnaces are in the same order as 
the ratios of heating surface to grate surface, the higher capacities 
and efficiencies corresponding to the higher ratios. In so far as the 
ratio of heating surface is a factor inherent in the type of furnace 
the efficiency and capacity curves in Fig. 16 may be regarded as indi- 
cating the relative effectiveness of the different types. The curves 
suggest the possibility, however, that certain types could be improved 
by increasing the ratio of effective heating surface to grate surface 
while still adhering to the main features determining type. In this 
case the performance curves would be brought more nearly into co- 
incidence. It appears, therefore, that ratio of heating surface to grate 
surface is the more important factor determining the relative perform- 
ance of furnaces, and that type of furnace, as such, is a matter of 
secondary consideration. 

The curves in Fig. 17 have been plotted against total coal burned 
per hour as a base. The total capacity and register air temperature 
curves can be compared on the basis of type alone while the effi- 
ciency, combustion rate, and draft curves represent the combined 
effect of size and type of furnace, and any interpretation of the curves 
should be made subject to these restrictions. The combustion rate 
curves indicate that for a given amount of coal burned per hour 
higher combustion rates are necessary with the smaller grates. These 
curves do not serve to alter any of the conclusions drawn from the 
curves in Fig. 16. 

Figure 18 shows the flue-gas temperatures for the four types of 
furnaces tested. -These curves are also in the order of the ratios 
of heating surface to grate surface, with the lowest fiue-gas tempera- 
tures corresponding to the highest ratios, and indicate that for a given 
size of grate the absorption of heat from the gases given off by com- 
bustion is a function of the amount of heating surface. It is also 
probably a function of the arrangement of heating surfaces, but from 
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the data presented no definite conclusions can be drawn in this re- 
spect. 


19. Effect of Heating Surface—The curves and discussion in Sec- 
tion 18 indicated the importance of heating surface as a factor in 
determining the capacity of a furnace under given conditions, and 
suggested the possibility that a correlation of the grate surface, heat- 
ing surface, and capacity might serve a useful purpose as forming a 
basis for the prediction of the capacity from the amounts of heat- 
ing surface and grate surface. Such a correlation is shown in Fig. 
19, in which the unit capacity has been plotted against the ratio of 
heating surface to grate surface for combustion rates of 4, 5.5, and 
7.5 lb. The unit capacities were taken from Fig. 16. They are the 
capacities developed when each furnace was equipped with the most 
advantageous size of casing. The casing sizes are given in the table 
in Fig. 19. 

The curves in Fig. 19 indicate that the relation between the ratio 
of heating surface to grate surface and unit capacity for the types of 
furnaces tested, and over the range of ratios of heating surface to grate 
surface included by the furnaces tested, can best be represented by 
straight lines, particularly at medium and high combustion rates. If 
a combustion rate of 7.5 lb. is regarded as typical, and a ratio of 
heating surface to grate surface of 20 to 1 is taken as a base, the 
slope of the line is such that an increase of approximately 2 per cent 
occurs in the capacity per sq. ft. of grate surface per hr. for each 
unit of increase in the ratio of heating surface to grate surface. 
The same is true for a decrease in the ratio. 

Since the furnaces tested were of standard types, and the total 
range of ratios of heating surface to grate surface was from 17 to 28, 
some caution must be observed against an attempt to apply these 
curves to furnaces deviating materially from the standard types, or 
having ratios of heating surface to grate surface above 28 or below 
liv 


20. Effect of Size of Casings—tThe curves shown in Fig. 20 have 
been transferred from Figs. 5 and 10 in this bulletin and from Fig.* 
23 in a previous bulletin, to permit comparison of the four types of 
furnaces tested, from the standpoint of the effect of size of casing. 
All tests were run under identical conditions, with anthracite coal, 
on the furnaces installed in the main plant. The types of furnaces 
are shown in Fig. 15, and the general dimensions, including the free 


*“Investigation of Warm-air Furnaces and Heating Syst DP aeeAyae LE iv 
Exp. Sta. Bul. 141, page 66. Per ae a eS oe 
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area at the most restricted sections of the casings, are given in Table 
2. All casings were lined with a black-iron lining spaced one inch 
from the casing. 

The curves in Fig. 20 show the relation between the capacity 
developed per sq. ft. of grate at a 7-lb. combustion rate and the free 
area at the most restricted section through the casing. The curves 
all have the same general trend and indicate that each furnace de- 
veloped the minimum capacity with the medium sized casing, with 
higher capacities for both larger and smaller casings. Three of the 
furnaces developed the maximum capacity* with the smallest sized 
casings. These tests were all run, however, on a plant that had short 
leader pipes, and ample cold-air returns, and the most advantageous 
types of boots and fittings. As a result this plant offered very low 
resistance to the flow of air. It is probable that increasing the re- 
sistance in a plant in which the frictional resistance is already con- 
siderable, by the use of a small casing, would affect the results to 
a greater extent than adding the amount of frictional resistance of- 
fered by a larger casing. It is also very probable that the frictional 
resistance in a plant under conditions of actual installation would be 
greater than that in the test plant. Taking the effect of frictional 
resistance in the plant into consideration, it seems reasonable that 
the larger casing should be regarded as the more advantageous one 
from the practical standpoint. If this is accepted as a criterion, it 
may be noted that all of the curves in Fig. 20 have a tendency to 


*This capacity relation is best shown by reference to Figs. 4 and 9 in this bulletin, and 
Fig. 21 in Bulletin No. 141, in which the smallest casing shows the highest capacity. 
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reach a maximum at a value of approximately 1100 sq. in. of free 
area, or with a ratio of free area to total leader pipe area of 1.33. 
Under these conditions the ratio of 1.33 which was established in 
Bulletin No. 141* may be considered as applicable. The ratios of 
free area to gross area through the casing for the four furnaces with 
casings having approximately 1100 sq. in. of free area, range from 0.40 
to 0.50, and the value of 0.46, established in Bulletin No. 141,* repre- 
sents a fair average, but rather wide deviations from the average may 
be expected in different individual furnaces. 

In Fig. 21 the capacities developed with all of the best sizes of 
casings, both large and small, have been plotted against equivalent 
register air temperatures. The positions of the points on a curve of 
this type are fairly consistent reflections of variations in frictional 
resistances throughout the plant. It is of interest to note that all of 


*“Investigation of Warm-air Furnaces and Heating Systems, Part II,” Univ. of Ill. Eng. 
Exp. Sta. Bul. 141, 1924, page 65. 
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Fig. 22. Auxintiary FurNAce AND Lona Leaper Pires 


the points may be represented by a single curve, thus indicating that 
the resistance of the plant was nearly constant for all of the best 
sizes of casings, and suggesting that there is some relation between an 
optimum frictional resistance and the best performance of the plant. 
The data, however, do not present any cbvious means of expressing 
this relation mathematically. 


VII. Errect or Lenetu or LEADER ON HEAT DELIVERED AT REGISTER 


(Auxitiary Puant; Tests 125-141 Inc.) 

21. Object of Study.—This chapter presents the results of a study 
of the effect of varying the length of the leader or warm-air pipe 
on the heat delivered at the register. Two general cases are discussed: 
(a) leader pipes supplying second-story side-wall registers, and (b) 
leader pipes supplying first-story baseboard registers. 


22. Description of Apparatus——The auxiliary testing plant has 
been described in Chapter II. The test data observed in all tests on 
this plant included air weight, air temperatures at various points in 
the air stream, but primarily at the register, and the electrical energ 
input to the furnace. The furnace is shown.in Fig. 3. 
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In these tests the pipe length was varied by inserting sections, 
the range and details being shown in Figs. 22 and 23. The elevation 
of the register, boot, and furnace with respect to each other was not 
changed, as shown in Fig. 23. Consequently, the slope of the pipe 
varied as the length of leader was varied. The stack area was 72 
per cent of the area of the leader. 


23. Results—The results of the tests are shown graphically in 
Figs. 24, 25, and 26, and practical interpretations of the data are 
shown in Figs. 27 and 28. 

In Fig. 24 the heating effect at the registers for the seven ar- 
rangements of leader pipe, shown in Fig. 23, were plotted against 
~~ 
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register air temperature. The points representing tests with four 
lengths of leaders, A, B, C, and D, with second-floor stacks connected, 
lie along one line, indicating that within the range of lengths tested 
the heating effect is not dependent on leader length if a constant 
register air temperature is maintained. 

In the case of the first-floor pipes, however, some difference in 
heating effect for various lengths of pipe were found. Curves E, F, 
and G, Fig. 24, show considerable spread. The percentage decrease 
in capacity due to long pipes to registers on first-floor rooms amount- 
ed to about 1 per cent per foot of length if a constant register air 
temperature was maintained. 

Figures 25 and 26 show the effect of maintaining a fixed rate of 
heat input to the furnace and allowing the air quantity and air tem- 
perature to vary. Figure 25 illustrates this effect for the various 
lengths of leader pipe to second-story registers, and Fig. 26 for the 
pipes to first-story registers. Unlike the curves of Fig. 24, which were 
based on constant register air temperatures, these curves based on 
constant heat inputs to the furnace are widely separated. 

Manifestly, this great difference in the heating effect obtainable 
with various lengths of leader is caused by the loss of heat from the 
exposed surface areas, which vary with the length. The curves of 
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Fig. 28 show the drop in temperature in the various lengths of leader 
pipes. These temperature losses were as great as 48 deg. F. between 
bonnet and boot, and conversely, were as small as 4 deg. It is sig- 
nificant that the temperature losses were less in 8-in. first-floor leaders 
than in the same lengths of 8-in. second-floor leaders. This may be 
accounted for by the fact that, as shown in Fig. 24, the first-floor 
pipes do not handle as much air as the second-floor pipes, and do 
not “run full” of air. Thus the bottom surface of the first-floor pipe is 
much cooler than the top surface, and the result is less drop in tem- 
perature in the air flowing in the leader. 

In the case of the second-floor tests, the heating effect at the 
register appears to be independent of the length of leader for any 
given register air temperature, since curves A, B, C, and D of Fig. 24 
are coincident. In the case of the first-floor tests, however, the heat- 
ing effect at the register varies with leader length for any given 
register air temperature as shown by the separate curves HL, F, and 
G of Fig. 24. The essential difference in the operating conditions 
affecting the two systems is in the distribution of resistance to air 
flow in the two cases. In the second-floor case, the principal re- 
sistance is in the stack, whereas, in the first-floor case all the resist- 
ance is in the leader itself. An increase in length of leader has little 
effect on the total resistance in the former case, but a direct effect in 
the latter case. As the leader in the second-floor system is increased 
in length, the heat loss or temperature drop between bonnet and boot 
will be increased (Fig. 28). Hence, to maintain a constant tempera- 
ture at the register, the bonnet temperature must be raised as the 
leader length is increased. This results in a higher mean temperature 
in the stack-leader system to the second floor for any given register air 
temperature, and hence produces a greater motive head. The increase 
in motive head is apparently sufficient to overcome the increased fric- 
tion in the longer leader, with the result that heating effect at the 
register is not appreciably reduced. 

Referring again to Figs. 25 and 26, and the wide variation in 
heating effect on the basis of fixed heat inputs, it seemed desirable 
to obtain from these data a graph of the relation between length of 
leader pipe and heating effect at the registers, and this graph is shown 
in Fig. 27. Here heating effect was plotted against pipe length for 
three rates of input. The curves shown are straight lines within 
the range of the tests, and show that heating effect varies inversely 
with leader-pipe length for a constant heat input. The amount of 
the loss in heating effect is approximately 1.5 per cent per foot of 
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length. Thus, a pipe 12 feet long would deliver 10 X 1.5 or 15 per cent 
less heating effect at the register than a pipe 2 feet long. 

The temperature loss in leaders is shown in Fig. 28, and, when 
this is plotted against length of leader, it appears that a straight line 
relation exists, the temperature drop being directly proportional to 
length. Thus, referring to the upper curve of Fig. 28, it may be seen 
that at a length of 5 feet the temperature drop was 12.5 deg. F. and 
at double the length, 10 feet, the drop was doubled also, or 25 deg. F. 


24. Conclusions —The data presented in this chapter support the 
following conclusions: 

(1) The resistance of the leader pipe is of less importance in 
the determination of heating effect obtainable than the resistance 
of the stack where stack area is less than leader area. 

(2) The pitch of the leader pipe is not an important factor 
in the heating effect of a piping system having fixed heights be- 
tween furnace and registers. This should not be interpreted to 
mean that a steeply pitched pipe will not heat up more quickly 
from the cold state than a pipe of low pitch. 

(3) It is more important to limit the length of leader pipe to 
first floors than to second floors. 

(4) In designing systems on the basis of register air tem- 
perature, a uniform temperature should not be assumed to exist 
at the registers if much variation in leader-pipe length exists. 
Instead, the individual pipe sizes should be based on their re- 
spective and correct register air temperatures. 


VIII. WarM-AIR LEADER-PIPE COVERINGS AND SURFACES 


(AuxILiIARY PLANT; Tests 152-347 Inc.) 


25. Object of Study.—Previous tests made with three thicknesses 
of air-cell asbestos paper* as insulation on leader pipes have failed to 
show an increase in the heat delivered by the pipe, although it is 
well known that the air-cell covering has a low heat transmission co- 
efficient. This chapter deals with a further investigation of this prob- 
lem of leader-pipe insulation. 


26. Description of Apparatus.—The auxiliary testing plant has 
been described in Chapter II. For the tests a leader and stack of the 
dimensions shown in Fig. 29 were selected. Thermocouples were 


*“Inyvestigation of Warm-air Furnaces and Heating Systems, Part II,’’ Univ. of Ill. Eng. 
Exp. Sta. Bul. 141. 
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Fic. 29. ARRANGEMENT OF LEADER AND STACK FOR DETERMINING 
Errect or LEADER-PIPE COVERINGS 


located as shown, and one couple was attached, by soldering, to the 
pipe surface, and another to the galvanized surface of the furnace 
casing. The couples used in the air stream were of the multiple type, 
each having three hot junctions connected in parallel, located on a 
vertical diameter at the center, one-half inch below the top of the pipe, 
and one-half inch above the bottom of the pipe. 

Three cases were studied, as follows: 

(a) Leader pipe of bare bright tin. 

(b) Same pipe covered with 3 thicknesses of air-cell asbestos 
paper. 

(c) Same pipe covered with one thickness of 10-pound asbes- 
tos paper. 

A large number of tests were run for each of the three conditions 
stated, at low, medium, and high temperatures. Each of the plotted 
points of Figs. 30 and 31 represents the average of a number of tests, 
made under a variety of room temperatures and atmospheric condi- 
tions. Table 4 shows the number of tests represented by each of the 
plotted points of the graphs. 
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Fic. 30. TEMPERATURE CONDITIONS IN PIPES WITH THREE 
DirFeRENT SURFACE CovERINGS 


27. Results—A study of temperature conditions in the leader pipe 
is shown in Fig. 30, the temperature losses of the air passing through 
the 7 ft. 3 in. length of pipe being in the same order as the emis- 
sivity values of the three surfaces.* Thus the pipe covered with 
asbestos paper gave the greatest drop in temperature of the air flow- 
ing through the pipe, and the covering of 3-ply air-cell asbestos gave 
the least drop in temperature. 


*See “The Emissivity of Heat from Various Surfaces,”’ Univ. of Ill. Eng. Exp. Sta. Bul. 117. 
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Fic. 31. Errecr or LeapER-PIPE COVERINGS 


The drop in temperature of the air passing through the pipe was 
not, however, proportional to the emissivity coefficients listed in Bul- 
letin No. 117 for the three surfaces. Thus the table of coefficients in 
that bulletin shows that the emissivity for asbestos paper was four 
times as great as for 3-ply air-cell asbestos paper, whereas the drop in 
air temperature in the pipe was only about twice as great. The upper 
curves of Fig. 30 serve as a partial explanation of this condition, for 
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TABLE 4 
SCHEDULE or TEstTs on LEADER-PIPE CovERINGS 


Number of Tests Made at 


Low Medium High 
Temperature | Temperature’ | Temperature 
VAT CORDIC aay tot ericson on sierae i Ha Picea eee 26 20 23 
Bplvrair-cell ASbeStOSs<.c ote. sesso aloe <a exe ooOR 18 24 22 
1O=pound asbestos papers... 66.502 cetss sed veined We 18 18 


they show that the coverings affected the metal temperature of the 
pipe. These metal temperatures varied widely for a given air tem- 
perature in the pipe. The total heat emission, however, is a function 
of both the emissivity coefficient and the metal temperature of the pipe, 
and it would be expected that results, when compared on the basis of 
equal air temperatures, would not be found in exact agreement with 
results in which the metal surface temperature of every specimen was 
practically the same, as was the case in the tests reported in Bulletin 
No. 117. 

In Fig. 31 the data and results are shown graphically, and the 
following conclusions may be drawn: 

(1) The most perfectly insulated surface gave the highest 
efficiency for the system, and the covering having the greatest 
emissivity coefficient gave the least efficiency for the system. 

(2) The range of efficiencies was extremely small, the effi- 
ciencies being 73 per cent for the system having air-cell insulation, 
71.5 per cent for the system having no covering, and 70 per cent 
for the system having asbestos paper insulation. 

(3) The range of efficiencies obtained between the best and 
the poorest insulations is so small as to make the use of any in- 
sulation. of doubtful value under conditions of the tests.. This 
may not be true for pipes run through cold spaces. 

Figure 31 also shows that the slight advantage of the air-cell 
insulated system resulted from slightly greater temperatures of the 
flowing air. Apparently no measurable effect on the motive head ex- 
isted, for all the points representing the weight of air lie along a com- 
mon curve, and the heating effect curve shows that all three leaders 
produced the same heating effect at the register, for a given register 
air temperature. 

Interpreted briefly, Fig. 31 shows that for a given register air 
temperature the three systems gave the same total heating effect at 
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the register, handled approximately the same weight of air, but re- 
quired different amounts of heat at the furnace, and therefore operated 
at different efficiencies, the advantage being slightly in favor of the 
air-cell covered system. 


28. Conclusion.—In the tests reported in Bulletin No. 141 the 
air-cell insulation under certain conditions was shown to be slightly 
beneficial at low rates of combustion, whereas the results in this 
chapter show slightly superior performance over the entire test range. 
In either case, the results are such as to place a doubtful value on 
insulation* except where pipes are exposed to the chilling effects of 
leaky basement windows, or are extremely long, or pass through cold 
walls. 


IX. Errect or Exspows In LEADER Pipes or First- 
AND SECOND-STORY PIPES 


(Auxitiary PLrant; Tests 468-611 Inc.) 

29. Cbject of Study-~—When elbows are used in the leader pipes 
of warm-air heating systems the heating effect available at the register 
is reduced. This chapter presents the results of tests with and without 
elbows on (a) a typical first-story leader pipe, and (b) a typical 
second-story leader pipe. 


30. Description of Apparatus.—The tests were made on the auxil- 
iary furnace testing plant which has been described in Chapter II. 
The equipment tested is shown in Fig. 32. A 10-in. diameter leader 
pipe 12 ft. 11 in. in length was first tested, and later 52 inches of this 
pipe were replaced by 4 commercial 10-in. elbows with single joints 
of pipe between elbows. This change resulted in two systems of the 
same center-line length. The slope, 1 to 18, was also the same in 
both cases. 

For tests of the pipe as a first-story leader, a boot, angle, and 
baseboard stack head with a 10-in. by 12-in. register were used. When 
tested as a second-story leader, the pipe was connected to a 5-in. 
by 12-in. double stack, 10 ft. 6 in. in height, with a 10-in. by 12-in. 
side-wall register. 


31. Results for First-story Pipes—tIn Figs. 33 and 34 the results 
for the first-story pipes are shown. In Fig. 33 it is shown that the 
heating effect was materially reduced by the presence of the elbows. 
The curves show also that less heat was put into the furnace for — 
a given register air temperature. The efficiency as of the register 


_.*This statement applies only to the insulation of bright tin warm-air leader pipes through 
which air is flowing at relatively low velocity under gravity circulation. 
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was calculated, using heating effect at the register and heat input, 
and this efficiency is also shown in Fig. 33. The efficiency for the 
system with elbows is shown to have been much lower than that 
for the straight pipe; at a register air temperature of 175 deg. F., 
the difference of 58-52, or 6 per cent, in efficiency existed, a loss 
of 10.4 per cent. 

The possible causes of this loss with the elbows are greater tem- 
perature loss in the air flowing through the pipe and greater resistance 
due to friction and turbulence in the elbows. In Fig. 34 the tempera- 
ture drop of the air and the weight of air flowing are shown. At 175 
deg. F. register air temperature the temperature loss in the straight 
pipe was 36 deg. F., and for the pipe with elbows was 46 deg. F., 
a difference of 10 deg. F. in 36 degrees, or a 28 per cent greater 
heat loss from the surface of the pipe with elbows. 
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Fic. 33. Comparison oF EFFICIENCIES IN First-story Pirp 
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The reduction in the air weight flowing is shown in Fig. 34 to 
have been 44 lb. per hr. in a total of 342 lb. per hr., a reduction 
of 13 per cent, chargeable to the resistance of the elbows. 


32. Results for Second-story Pipes—In Figs. 35 and 36 curves 
of the same form as those in Figs. 33 and 34 are shown, representing 
the results of tests with the second-story pipe. The effect of the elbows 
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is in the same order, but more pronounced than for the tests with the 
first-story pipes. Figure 36 shows that at a 175-deg. F. register air 
temperature the difference in the temperature losses was 34-16 or 
18 deg. F., or 112 per cent of the loss in the straight pipe. At the 
same register air temperature the reduction in air weight flowing 
was 520-420, or 100 lb. per hr., or 19.2 per cent. Thus, the losses 
due to elbows were greater for the second-story pipe than for the 


first-story pipe. 


33. Comparison of Results for First- and Second-story Pipes.— 
For purposes of a comparison of the results with first- and second- 
story pipes, and for applying the results to a single elbow rather than 
to four elbows, Table 5 has been prepared, for which a leader of 
the same center-line length with one elbow has been taken. It has 
been assumed that the loss due to one elbow would be only one-fourth 
as great as that for four elbows. 

The table shows that an elbow in a pipe to a second-story register 
causes a reduction in heating effect of 4.9 per cent, as compared with 
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Fia. 35. Comparison or EFFICIENCIES IN SECOND-STORY Piru, 
WirH AND WitTHouT ELBows IN LEADER 


the same pipe without an elbow. The effect of one elbow in a first- 
story pipe would be to cause a reduction in heating effect of 3.3 
per cent. 

It may be observed that the weight of air, and hence the velocity 
of flow, for the second-story pipes was much greater, approximately 
50 per cent, than for the first-story pipes. Since the resistance to air 
flow in the elbows due to friction and turbulence varies approximately 
as the square of the velocity, it follows that the large increase in ve- 
locity should result in increased resistance for the second-story pipes. 
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X. WARM-AIR REGISTER AND ReEcister Firrincs Tests 
(AuxILiARY PLANT; Tests 118-122, 142-146, 348-399, 400-437, 438-467) 


34. Object of Study—Numerous theories have been advanced to 
support particular designs of warm-air register and stack head equip- 
ment, and the tests reported in this chapter were made to obtain data 
on a group of miscellaneous details of register design. The follow- 
ing tests have been run: 

(a) Registers with equal free areas but different nominal 
S1Zes. 

(b) Registers with free area greatly reduced, first story. 

(c) Registers with free area greatly reduced, second story. 

(d) Baseboard register with reduced throat area. 

(e) Side-wall register with vane in throat. 

Descriptions of each set of equipment tested will be given under 
the separate discussions which follow. The general method of test- 
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TABLE 5 


Errect or ELBows oN OPERATION OF First- AND SECOND-STORY LEADER PIPES 
(For a system with a center line leader length of 12 ft. 11 in. in both cases) 


Straight Four One 
Pipe Elbows Elbow 
For First-story Pipes 
Register air temperature, deg. F Fi 175 175 175 
Asriweight vibe perwiraccicrieemtetrarcieeie 342 298 
Per Cent losse. con.jesrcters ois ieeretetelae oxo 13 3.2 
Temperature loss in leader, deg. F...............-0-. 36 46 
Per Cont IHONEASE yc axsiee seus stakes sane eves. oaheinoneevelevoiats 28 ia 
Heating effect at register, B.t.u. per hr............... 9100 7900 
Per Cony. LOGS. cccracsocstcole: ove ere elie elovel oveye eesleiaie are raarate 13.2 3.3 
Efficiency as of register, per cent. .........-.0.es005- 58 52 
For Second-story Pipes 
Register air temperature, deg. Bit... seo ccc vse orc 175 175 175 
Air weight,. lbs per hysi haan cores camera eh ees wren. 520 420 : 
Por) COnGIOSS errs Giateesie oie insole eee Meee minke eter 19.2 4.8 
Temperature loss in leader, deg. F.............-000%- 16 34 
Per centilncrease sc 3 de/os oan ccs etme ewe eae een 112 28 
Heating effect at register, B.t.u. per hr............... 13 900 11 200 
Per Gent Loss’ civ cic « slearsiscene + lolerciinicloveiervers oveteisyemrerels 19.4 4.9 
Efficiency as of register, per cent. .............0ee08: 65 56.5 


ing with the Auxiliary Testing Plant has been described in Chapter II. 


35. Registers with Equal Free Area but Different Nominal Sizes. 
—Two registers, both 12 in. in width, but of different heights, one 
being 8 in. high and the other 10 in., with their respective stack heads, 
were tested. The grille of the smaller face was altered so that 
the free area was made equal to the free area of the larger. The 
two were tested in succession on a 3-in. by 12-in. stack of second- 
floor height, the bottom line of both register openings being the same 
distance above the boot and leader. This arrangement was used to 
simulate the practical condition of two registers located at the top 
of the baseboard. The dimensions and arrangement are shown in 
Bigs: 

The results are shown graphically in Fig. 38. The dotted line 
representing the heating effect for the larger register indicates that 
this register gave better results. The difference was, however, very 
slight, amounting to 150 B.t.u. per hour in 9000 or approximately 
2 per cent. 

The difference between the two may be explained by the fact 
that within ordinary limits the motive head, or differential pressure 
causing flow, varies directly with the height of the heated air column. 
In the case of the 10-in. register, the heated air column was 2 in. 
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higher than with the 8-in. register. This difference of 2 in. in a total 
height of 130 in. amounts to a little less than 2 per cent. The better 
‘performance of the larger register was due to the increased flow of air 
‘produced by this difference in motive head. 
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36. Registers with Free Area Greatly Reduced—First Story.— 
There would be no practical reason for using a first-story baseboard 
register of reduced height unless the reduction in height was obtained 
by lowering the top of the register. In the tests, therefore, the 10-in. — 
by 12-in. register was reduced to 8 by 12 in. and to 6 by 12 in., 
successively. The reductions are shown diagrammatically in the 
sketch of Fig. 39, in which the dotted lines represent the different 
positions of the register valve. 

The pipe and fittings used are shown also in the sketch of Fig. 39. 
It may be of interest to note that the combination of fittings and pipe 
is exactly that used to heat the first-story rooms of the Warm-air 
Heating Research Residence.* 

The curves of Fig. 40 show the test results plotted with register 
air temperature as a basis. The curves indicate that decided differ- | 
ences in air weight, heating effect, and heat input resulted for the . 
three register openings with a given register air temperature. The — 
largest opening, although giving the greatest heating effect, required 
a greater input of heat to the furnace. If the efficiencies of the three | 
systems are calculated, it will be seen that the smallest opening — 


*See “The Research Residence in Zero Weather,” Univ. of Ill. Eng. Exp. Sta. Cir. 15, 1927. 
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operated nearly as efficiently as the largest. Such an analysis has been 
made in Table 6. 

A further comparison of the relative value of the three sizes 
of registers for the conditions of normal operation may be obtained 
by basing the comparison on an equal supply of heat energy to the 
furnace. Table 7 shows the analysis based on a constant heat input. 
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TABLE 6 


Erriciency or SySTEMS WITH THREE SIZES OF REGISTERS 
(Based on Constant Register Air Temperature) 


Register Size 


10 X 12 in. 8 X 12 in. 6 X 12 in. 


Register air temperature, deg. B.... 02. asceccss esc 180 180 180 
Heating effect at register, B.t.u. per hr............... 9 700 8 800 8 000 
Heat input to furnace, B.t.u. per hr................- 14 300 13 000 11 900 
Hiiciency as sof Tegisterscits; erase cnele (ners chee eters aie ae 68 67.5 67 


Table 7 shows that the reduction in heating effect between the 
largest and smallest registers was approximately 5 per cent. The 
reduction in air weight, however, was 15 per cent, but this reduction 
in air weight was offset by a marked increase in register air tem- 
perature. 

In Fig. 39 a diagram of the three register openings and the cor- 
responding heating effects are shown for both of the methods of 
comparison discussed, and the curves connecting the points show the 
trend of capacity for reduced register heights. 


37. Registers with Free Area Greatly Reduced—Second Story.— 
Two series of tests were made on a second-story system with wall type 
registers, first with graduated reduction in register area, and second 
with a special curved stack head with a narrow register. The two 
groups of tests are discussed separately. 

By means of inserts applied in succession, the height of a register 
was reduced from 7%¢-in. to 2%¢-in. by 1-in. decrements. The register 
used was a nominal 8-in. by 12-in. size. The stack was a 3-in. by 12-in. 
double stack of second-floor height, and the top of the stack head was 


TABLE 7 


CoMPARISON OF SYSTEMS WITH THREE SIZES OF REGISTERS 
(Based on Constant Heat Input) 


Register Size 


10 X 12 in. 8 X 12 in. 6 X 12 in. 


Heat input to furnace, B.t.u. per br..............0.. 14 300 14 300 14 300 
Heating\efiect) B.t.unperhnw.n ci sei eee ane rere 9 700 9 500 9 200 
Efficiency as of register, per cent ...............0.00- 68 66.5 64.5 
Airiweight, Ib:cper ri sasencmei resin ene re 347 325 300 


Registerain temperatures. scien eee eee 180 187 195 
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Fic. 41. EquipMENT For DETERMINING Errect oF RecisterR FAack AREA 


11 ft. 7 in. above the leader pipe. In order that the five inserts might 
be used without completely stopping the outlet, the valve was bent 
to the curvature shown. Readings were taken after the addition of 
each insert and a curve was plotted to show the relation between the 
height of the aperture and the heating effect obtained. The details 
of the stack head are shown in Fig. 41. 

In Fig. 42 the results are shown graphically as heating effect 

for each of the graduated areas and for various register air temper- 
atures. Examination of the curves of Fig. 42 will show that for a 
: fixed register air temperature the heating effect decreased as the suc- 
| cessive inserts were added and the opening reduced. The decrements 
\ were slight at first but greater as the opening became smaller. 

In the lower diagram of Fig. 41 the relative heating effects are 
‘shown plotted on lines representing the successive stages in the re- 
‘duction of the register opening, and the points are connected by 
curves, which represent the heating effects obtained for the two con- 
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ditions of (a) constant or fixed register air temperature (of 200 deg. 
F.), and (b) constant heat input to the furnace (of 21 000 B.t.u. per 
hr.) 

It may be observed that the first two inserts caused only slight 
reductions in heating effect, but that as more inserts were added the 
heating effect was rapidly reduced. When two inserts were in place 
the register face was 5%¢ in. in height but the clearance between 
throat and valve was 3% in., the same as the depth of the stack. 
It also appears that substantial reductions in register sizes might be 
made if proper clearances and streamline flow were provided, and the 
top of the stack head kept at the same elevation as for the larger size 
faces. 

Accordingly, the second series of tests was made on a special 
curved type of stack head in comparison with a standard stack head. 

Details of the special stack head and of the standard stack head 
with which it was compared may be obtained from Fig. 48, which also 
shows the general arrangement of the equipment used in the tests. 
The total elevation of 12 ft. 1 in. at the top of the stack head was the 
same for both cases. No register grille was used in either case as none 
was obtainable for the special stack head. However, an inclined reg- 
ister valve was used in the standard stack head, as such a plate is an 
integral part of standard equipment. 

The results are shown in Fig. 44 and Table 8. From Fig. 44 it 
may be observed that at a register air temperature of 175 deg. F. the 
reduction in heating effect by the special stack head amounted to 
1100 B.t.u. per hour in 10 000, or approximately 11 per cent. However, 
Table 8 shows that the standard stack head produced the greater 
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TABLE 8 
EFFICIENCY OF SYSTEMS WITH STANDARD AND SPECIAL Stack HEADS 


Standard Special 

Stack Head Stack Head 
Register air temperature, deg. Eo... .4-1- + cere + ol biele earn 175 175 
Heating effect at’ register, Bitvu. per br... ...6 <5... «stele 5 «ele 10 100 9 000 
Heatinput toturnace, Bot-u.sperarnar. aint odors tarsi acetone 17 000 15 600 
Efficiency as of register, per cent.............eeseececerees 59.5 57.8 


heating effect but required a slightly greater heat input to the fur- 
nace. The efficiencies for the two systems were nearly the same and 
only slightly in favor of the system having the standard stack head. 
Thus only three per cent more heat would be required at the furnace 
with the special stack head than with the standard stack head to 
produce the same heating effect at the register. The relatively slight 
reduction in heating effect indicates that smaller registers may be 
satisfactorily used if the elevation of the top of the register above 
the heater is maintained constant. 


38. Baseboard Registers with Reduced Throat Area—A series of 
tests on baseboard registers with reduced throat areas was run with 
a typical first-story baseboard register and fitting combination as 
shown in Fig. 45. Reductions in the throat opening were made by in- 
serting filling strips, as shown in the shaded areas of Fig. 45, and 
tests were run at low, medium, and high operating temperatures for 
each of the three throat openings. Each of the plotted points in Fig. 
46 represents the average of several observations, and the curves show 
the results for each of the throat openings, plotted with register air 
temperature as a base. The curves indicate that at a given register 
air temperature decided differences in air weight, heating effect, and 
heat input to the furnace were obtained with the three throat sizes. 

The largest throat produced the greatest heating effect, but also 
required the greatest heat input at the furnace. Thus the efficiency of 
the system having the largest throat opening was not much greater 
than the systems with smaller openings. An analysis intended to 
bring out this distinction is given in Table 9. 

The results indicate that although the throat area was reduced 
40 per cent the efficiency of the system was reduced only 6 per cent, 
and that some reduction in throat area, below leader pipe area, may 
be made in first-floor baseboard registers without appreciable loss 
in heating effect or efficiency. 
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Fic. 45. EquipMENT ror DETERMINING Errect or THROAT AREA 
IN BASEBOARD REGISTER 


39. Side-wall Register with Vane in Throat—The insertion of a 
vane or splitter in a side-wall register head has been found to give 
a more nearly uniform discharge of air over the entire register face 
in hot-blast heating systems. As these systems operate at fairly high 
velocities, there is some question as to the value of such deflectors 
at the low velocities in a gravity furnace system. In order to secure 
information on this point, such a splitter, or vane, was tested in con- 
junction with the second-story piping combination shown in Fig. 29. 
The vane extended 4 in. below the throat and divided the 5-in. by 
12-in. stack into two parts each 2.5 in. by 12 in. The top of the 
splitter was curved forward joining the grille of the register at one- 
half register height. 

No difference in performance between the register with and with- 
out splitter was obtained, since in both cases the curves of heating 
effect plotted on the basis of register air temperature coincided. On 
the other hand the uniformity of flow over the whole register face 
was greatly improved, and the direction of discharge was more nearly 


TABLE 9 
Erriciency or SYSTEMS WITH THREE THROAT SIZES 


Throat 
5% in. 43% in. 3% in. 
Register air temperature, deg. F........--.+-+++++005 180 180 180 
_ Heating effect at register, Ber Der Mr cr sicley teases elie 9 900 9 400 8 Se 
| Heat input to furnace, B.t.u. per hr.........----+++: 14 B00 epee 13 at 


] Efficiency as of register, per cent. ......---+-+5+se0ee 
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horizontal. These results indicate that the use of such vanes may 
have advantages from the standpoint of improved distribution of the — 


heated air in the room. 


40. Precaution.—In this chapter it has been shown that slight re- 
ductions in areas of registers, throats, and stack head fittings may be ‘ 


: 


; 
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made without appreciable reductions in heating effect or efficiency. 
It should not be assumed, however, that all, or even two or more 
fittings in series may be restricted. The velocity of flow through 
a gravity warm-air heating system is limited by the total resistance 
of the system, or by the sum of the resistances of the component parts 
of the system. The tests described in this chapter have been confined 
to restrictions in the area of only one component at a time and it 
was found that the resistance of one component is not serious, but if 
the resistances of two or more components of the system are in- 
creased the total resistance might seriously affect the air circulation. 


XI. COMPARISON OF FLOOR AND WALL Typrs oF REGISTERS 


(Auxitiary PLant; Tests 147-150 Inc.) 


41. Object of Study—Tests were made for the purpose of indi- 
cating the relative value of floor and wall registers. Since the results 
are expressed in heating effects only they do not reflect conditions 
resulting from the manner of distribution of the heated air with the 

_ two types of registers. 


42. Description of Tests—-Two general comparisons have been 
made, as follows: 

(a) Performance of a leader and stack to second floor con- 

nected to floor and wall registers, as shown in Fig. 47. 

(b) Performance of a leader to first floor connected to floor 

and baseboard registers, as shown in Fig. 50. 

The fittings, pipe, and registers used in the tests were selected 
from the catalogs of manufacturers. Nothing special was used. The 
general procedure of testing with the auxiliary plant on which the 
tests were made has been described in Chapter II. 

The second-floor combinations were tested with an 8-in. leader, 
and the first-floor combinations with a 10-in. leader. No other changes 
were made in either system except in the stack heads. 


43. Results for Second-story Combinations—The results for the 
second-story combinations, as shown in Figs. 48 and 49, indicate the 
superiority of the wall register combination. Figure 48 shows that 
for any given register air temperature the wall register combination, 
“represented by the full line, developed heating effect approximately 
20 per cent higher than the floor register combination. Furthermore, 
Fig. 49 shows that for an equal supply of heat to the furnace the wall 
i 
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Fic. 47. EquieMEeNT For TESTS OF FLOOR AND SIDE-WALL REGISTERS 
ON SECOND-STORY STACK 


register combination delivered from 15 to 20 per cent more heat 
through the register face than the floor combination. 

The inferiority of the floor register combination may be ascribed 
to the resistance and turbulence at the right-angle elbow in the sys- 


tem at the top of the stack, and to the greater height and motive head 
of the wall system. 


44. Results for First-story Combinations.—The results are much 
less conclusive for the tests of first-story baseboard and floor register 
combinations. Figure 51, plotted with register air temperature as a 
basis, shows that the floor register combination delivered about 5 
per cent greater heating effect than did the baseboard register com- 
bination. On the other hand, Fig. 52, plotted with heat input as a 
basis, shows that the floor register combination delivered about & 
per cent less heat at the register for equal heat input at the furnace. 
This indicates that for a given register air temperature the floor reg- 
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ister combination delivered more heat at less efficiency than the base- 
board register combination. An explanation of this may be based 
on the data shown in Fig. 53. 

The quantities which enter into the calculation of “heating effect” 
are the air weight and the difference in temperature of the air be- 
tween inlet and register. These two factors have been plotted separ- 
ately against heat input to the furnace in Fig. 53, and the following 
observations may be made: 

(a) The floor register combination actually discharged the 
greater weight of air by about 2 per cent. 

(b) The temperature of the air delivered was about 10 per 
cent less with the floor register combination. 

(c) The combined effect of 2 per cent greater air weight and 
about 10 per cent lower temperature resulted in a reduction of 

8 per cent in heating effect for the floor register combination. 


45. Conclusions.—The following conclusions may be drawn: 

(1) In the case of second-story floor register combinations 
in which an elbow at the top of the stack is necessary, the heat- 
ing effect for a floor register combination is decidedly lower than 
for a wall register combination on the same stack. 

(2) Choice between floor and wall types of register com- 
binations should favor that system which offers the least re- 
sistance due to elbows or angles. 

(3) In the case of register combinations on first-story pipes 
the tests indicate that, for a given register air temperature, the 
baseboard register combination has slightly less heating capacity 
than the floor register combination, although the particular ar- 
rangements of fittings used may have a marked effect on the 
performance. 
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